Abstract-Gamma Ray Bursts (GRBs) are the strongest explosions in the universe which might be associated with creation of black holes. Magnetic field structure and burst dynamics may influence polarization of the emitted gamma-rays. Precise polarization detection can be an ultimate tool to unveil the true GRB mechanism. POLAR is a space-borne Compton scattering detector for precise measurements of the GRB polarization. It consists of a 40×40 array of plastic scintillator bars read out by 25 multi-anode PMTs (MaPMTs). It is scheduled to be launched into space in 2016 onboard of the Chinese space laboratory TG2. We present a dedicated methodology for POLAR calibration and some calibration results based on the combined use of the laboratory radioactive sources and polarized X-ray beams from the European Synchrotron Radiation Facility. They include calibration of the energy response, computation of the energy conversion factor vs. high voltage as well as determination of the threshold values, crosstalk contributions and polarization modulation factors.
I. INTRODUCTION
G AMMA-ray bursts (GRBs) discovered more than 40 years ago, are short and intense flashes of gamma-rays produced at cosmological distances and appearing randomly in the sky and in time. They are the strongest explosions in the universe which might be associated with creation of black holes. Since their discovery, thousands of GRBs have been detected by various dedicated detectors. Despite of it the emission mechanism of GRBs still remains a mystery. Direct measurements of the polarization in the hard X-ray and gamma-ray band are thought to be capable of unveiling their emission mechanism [1] , [2] .
POLAR is a novel, compact, space-borne instrument dedicated for measurements of the polarization in the prompt emission of the gamma-ray bursts. It has both a large effective detection area (∼ 80 cm 2 ) and a large field of view (∼ 1/3 of full sky). The instrument was developed by an international collaboration of China, Switzerland and Poland. Polarization measurements in POLAR use Compton scattering process and are based on detection of energy depositions in its 1600 scintillator bars. POLAR is planned to be launched into space in 2016 on-board the Chinese space laboratory TG2. Before the launch the basic instrument parameters such as energy response, energy calibration factor vs. high voltage dependence, threshold values, crosstalk and modulation factors had to be determined in series of calibration, test and verification campaigns. In this paper we present a wide calibration methodology which combines the use of the laboratory radioactive sources and polarized X-ray beams from the European Synchrotron Radiation Facility (ESRF). POLAR consists of 25 detector modules (see. Fig. 1 ). In total, they encompass 1600 plastic scintillator bars working as a POLAR gamma-ray target. Each scintillator bar has dimension of 5.8 × 5.8 × 176 mm 3 . It is wrapped in a highly reflective foil. Each of 25 identical detector modules contains a matrix of with 8 × 8 bars. The module is read-out by a multi anode photomultiplier (MaPMT, Hamamatsu H8500), mechanically coupled to the bottom of the scintillator bars via a thin transparent optical pad. Each module is enclosed in a 1 mm thick carbon fiber socket (see Fig. 2 ). Signals from the MaPMT are firstly processed by ASIC (VA64PMT from IDEAS) based front-end electronics boards directly connected with the photomultipliers. After pre-processing the data is sent to the POLAR Center Task Processing Unit Unit for further analysis, merging and download. The principle of polarization detection by POLAR is based on the fact that gamma-rays undergoing Compton scattering in the plastic scintillator bars tend to scatter perpendicularly to their polarization direction [3] , [4] . The distribution of the azimuthal angles of the photons that are Compton scattered between plastic scintillator bars of POLAR (called modulation curve) follows characteristic pattern. It has a sinusoidal shape for polarized gamma-rays or a flat curve for unpolarized gamma-rays. The amplitude of the sinusoidal curve is dependent on the polarization level. Polarization degree of detected gamma-rays can be subsequently obtained by studying of the modulation curve features and comparing them with Monte Carlo simulations.
II. POLAR INSTRUMENT

III. CALIBRATION WITH LABORATORY RADIOACTIVE SOURCES
A. Energy conversion factor vs. PMT high voltage dependence
Energy conversion factor C is defined as the recorded energy deposition (in units of ADC channel) per unit of real energy deposition (in units of keV). The gain of a PMT G as a function of the high voltage V applied to the PMT can be given by G = αV β , where α and β are two parameters. We assume that the energy response of our detector is linear in our interested energy range between 50 keV -500 keV for the incoming GRB photons. The energy conversion factor C as a function of high voltage can therefore be given by
where A is the model parameter. Measuring the energy conversion factor C vs. high voltage dependence V can provide the model parameters. It should be noted that A and β vary from channel to channel because of the gain non-uniformity of MaPMT. To obtained the dependences, we used the Cs-137 gamma-ray radioactive source placed in front of the FM. The data were taken at six high voltage values ranging from 610 V to 660 V with a step of 10 V. Energy conversion factors were obtained by subsequent fitting of the Compton edges in the recorded energy spectra (Compton edge energy value is equal to 470 keV). Fig. 3 shows in the double logarithmic scale the values of the energy conversion factors for one readout channel vs. high voltage values. A linear fit of the logarithms of the data points provides the parameters of the gain vs high voltage dependence for this channel. The relation between energy conversion factors and high voltage values allows for determination of any energy deposition at a given high voltage value and ADC channel. This dependence can also be used to optimize both the dynamic range and the minimum photon energy (energy threshold) of the POLAR FM in order to obtain the maximum detection counting rate from the GRB and the best signal to background ratio.
B. Threshold
Precise knowledge of all 1600 energy threshold values is crucial because the experimental modulation factors used for reconstruction of the GRB polarization degree are threshold dependent. The ASICs in POLAR front-end electronics have a comparator for each channel. In addition to the energy depositions, the logical outputs from the comparators are also recorded and used to make a first trigger decision. There is a sharp cut-off on the left side of the energy spectrum of the triggered hits (see Fig. 4 ). Fitting it with with a linear line provides the first estimate of the threshold position. Note that the data after energy calibration was taken for the step. The threshold position was chosen to be given by the position of the half-maximum of the fitting range counts. Final refinements such as including of the quenching effects and crass-talk corrections are added in the next step. Crosstalk between ch. 1 and ch. 0 
C. Crosstalk
Crosstalk phenomenon is an inherent property for the MAPMT based detectors like POLAR. It caused that a signal induced in a certain channel can be also observed in its neighboring channels. The crosstalk signals can be attributed either to the multi-channel spread of the scintillating photons in the PMT optical coupling and its entrance glass. Another reason is a spacial spread of the secondary electrons inside of the PMT. The cross-talk modifies the initial energy deposition making the full PMT energy calibration and corrections of its non-uniformities more difficult. An accurate knowledge of the crosstalk is necessary to determine both parameters properly. Crosstalk factors were obtained by studying the correlation between the recorded energy depositions of the two channels. Fig. 5 shows an example of such correlation. The data were taken with the Cs-137 and Na22 sources. For the analysis one selected events for which the primary channel (hit by the photon) had the maximum energy deposition. The wide band of events shown in the correlation plot is caused by the crosstalk. The events in the band were fitted with a linear line. The slope of th line gives a crosstalk factor between the primary (hit) and the secondary (cross-talk) channel. It has been shown that the slopes obtained from the fit are rather weakly dependent in the fit range. Repeating the same study for all pairs of channels provides a 64×64 matrix, called the crosstalk matrix. It can be used to correct the crosstalks between channels [3] , [5] . It was found that the cross-talk factors within the same module may reach the values of about ten per cent while the cross-talk between different modules is negligible. Note that space background data is suitable for the calibration of crosstalk factors as well.
IV. CALIBRATION WITH MONO-ENERGETIC POLARIZED BEAMS
A. Experimental details
ESRF in France is capable of providing mono-energetic, 100% polarized and narrow-size X-ray beams in the energy range between 18 keV and 800 keV. It provides ideal conditions for energy calibration and modulation factor measurement of POLAR. In May 2015, we performed a series of calibrations of the POLAR flight model (FM) in the ESRF beam-line ID11. The beam is 100% polarized and its size is equal to 0.6 ×0.6 mm 2 . The intensity of the beam was reduced to a few thousands of photons/s with an Aluminum wedge in order to avoid event pile-ups. 
B. Data analysis and results
The data taken with the 80 keV beam was used for energy calibration. Fig. 7 shows a typical energy spectrum of one of the POLAR channels. Note that only the hits which were produced when the beam was on the corresponding bar were selected. The peak in the energy spectrum, according to Monte Carlo simulation, is due to a full absorption of the 80 keV photons. Fitting the peak with a sum of the Gaussian and exponential functions provided the energy calibration factor. The full distribution of the energy calibration factors for all the channels is shown in Fig. 8 . The same method as described in Energy calibration factors obtained from 80 keV runs Section III-B was used to determine the low energy thresholds. The distribution of the thresholds is shown for all the channel in Fig. 9 . At the optimized settings for both the high voltages and the thresholds, most of the threshold values are between 5 keV and 30 keV .
The crosstalk factors were obtained with the data taken with the 140 keV beam using the same method described in Section III-C. This study provided again the 64 × 64 crosstalk matrix for each detection module . As we already shown, the cross-talk studies have been done for two different photon energies. Thus it is possibility to compare and cross-check the measurements. The data from the ESRF tests were optimized for a dynamic range of about 200 keV maximum while the data from the laboratory studies with the Cs-137 source had the dynamic range larger by at least a factor of three. Both results are currently evaluated and analyzed with the goal of harmonizing of both sets of data for the whole POLAR energy range.
Experimental measurements allowed for construction of the POLAR genuine response matrix. The whole response matrix can be based on a set of sub-matrices defined each module as follows [5] :
where F and M are the crosstalk matrix and the energy conversion matrix respectively. Note that the energy conversion matrix M is diagonal, whose diagonal elements represent the energy conversion factors of the corresponding channels. Both F and M are 64 × 64 matrices. 
where X = (x 0 , x 1 , · · · , x 63 ) ′ is the recorded energy depositions. Applying the reconstruction method as shown above allows for correction of the gain non-uniformities and crosstalk contributions simultaneously [5] .
The method described in Ref. [3] was used to calculate modulation curves. The bar with the maximum energy deposition was chosen as the first one that was hit and the bar with the second maximum energy deposition was selected as the second one. Two conditions were checked for each event:
(1) energy deposition > 30 keV; (2) the two bars were not neighbors. Due to the limited position resolution of POLAR, the interaction positions in the bar were randomized in order to get smooth distribution of the azimuthal angles from the Compton scattering. The azimuthal angles were calculated by the formula χ = atan2(y 1 − y 2 , x 1 − x 2 )]. The distributions of them builds the modulation curves. An example measured for the normal incident angles and X-ray energy of 140 keV is shown in Fig. 10 . Note that the geometry effect was corrected from the modulation curves using the method in Ref. [3] . The preliminary values of the modulation factors for the vertically and horizontally polarized beams are equal to 39.3% and 40.2%, respectively. They are in a very good agreement with Monte Carlo simulations. Further data analysis is ongoing.
V. SUMMARY AND OUTLOOK
POLAR is a compact space-borne Compton polarimeter devoted to measure linear polarization in the prompt GRB emission in the energy range from 50 keV to 500 keV. The POLAR FM was assembled in January 2015 and is undergoing now further integration tests with the spacecraft. POLAR is scheduled for launch onboard the Chinese Spacelab TG-2 in 2016. In this paper we presented the methods for establishing of the dependence between the energy conversion factor and the high voltage value, calibration of the energy thresholds and determination of the crosstalk factors. For all above parameters we used a set of laboratory measurements with gammaray radioactive sources. We also presented the calibration procedure of the POLAR FM used during measurements with the polarized X-ray beams at ESRF. Both the experimental details with techniques used for data analysis as well as some preliminary results are also included . For the optimized values of both the gain factors and the threshold values the mean minimum measurable energy of X-rays is around of 12 keV with the FWHM of the distribution equal to about 6 keV. Further analysis of the data is still ongoing. Primary results also show that the modulation factors measured for the 140 keV beam are in good agreement with the Monte Carlo simulations.
